Burkholderia pseudomallei, a causative agent of melioidosis, is a facultative intracellular Gram-negative bacterium that can survive and multiply inside the macrophages. Toll-like receptors are one class of pattern recognition receptors (PRRs) that have been documented to play significant role in B. pseudomallei infection. In the present study, we investigated a potential role of nucleotide-binding oligomerization domain-containing protein 1 and 2 (NOD1 and NOD2), cytoplasmic pattern recognition receptors, in B. pseudomallei-infected mouse macrophage cell line RAW 264.7. Both live and heat-killed B. pseudomallei were able to up-regulate NOD1 and NOD2 expression in a time-dependent manner. Marked reduction of a negative regulator, suppressor of cytokine signaling 3 (SOCS3), expression was observed only in B. pseudomallei-infected NOD2-depleted macrophages and not in NOD1-depleted macrophages. The decrease in SOCS3 expression also led to an increase in IFN-g responsiveness as judged by an enhanced STAT-1 phosphorylation on tyrosine 701 in the B. pseudomalleiinfected macrophages. Together, these results suggested that, in addition to using other PRRs to evade macrophage defense, B. pseudomallei may also use NOD2 to regulate a negative regulator like SOCS3.
Introduction
Burkholderia pseudomallei is a causative agent of melioidosis, an infectious disease endemic in certain tropical regions especially in Southeast Asia and Northern Australia. 1, 2 The clinical signs of melioidosis range from subacute and chronic suppurative infections to acute pneumonias and fulminating septicemias. 3, 4 Systemic infections are associated with high mortality rate and high rate of relapse despite prolonged treatment. 1, 5 Due to the severity of infection and its potential as a biothreat agent, B. pseudomallei is now listed as a category B agent by the US Centers for Disease Control. 6, 7 At the cellular level, B. pseudomallei can survive and multiply inside both phagocytic and non-phagocytic cells. 8 After being internalized, this bacterium can escape from a membrane-bound phagosome into the cytoplasm and induce a cell-to-cell fusion, resulting in multinucleated giant cell (MNGC) formation. [8] [9] [10] This unique phenomenon has also been observed in tissues of patients with melioidosis. 11 Multinucleated giant cell formation may facilitate the spreading of B. pseudomallei from one cell to another. 10 Recent studies demonstrated that both type III secretion systems (T3SSs) and global regulatory factor RpoS are involved in this process. 12, 13 The macrophage is known to play an essential role in innate immune response against many bacterial infections. However, B. pseudomallei can escape macrophage killing, resulting in its ability to survive and replicate intracellularly. 14 Previously, we demonstrated that this bacterium failed to stimulate IFN-b production, thus resulting in a decreased expression of a key antimicrobial enzyme, inducible nitric oxide synthase (iNOS). 15 The inability to induce iNOS expression may be due to the fact that, unlike most other Gram-negative bacteria, B. pseudomallei fails to activate MyD88-independent pathway which is an essential signaling pathway of TLR4. 16 These observations suggest that signaling through TLR can regulate the fate of B. pseudomallei inside macrophages. Pretreatment with exogenous IFN-b or IFN-g prior to infection could restore the ability of macrophages to activate iNOS expression and resulted in enhanced killing of intracellular B. pseudomallei. 17 Although these results suggest that both type I and II IFN could promote host cell ability to eliminate intracellular B. pseudomallei, previous findings by our group demonstrated that this bacterium could also up-regulate expression of suppressor of cytokine signaling 3 (SOCS3) and cytokine-inducible Src homology 2-containing protein (CIS), both of which are negative regulators that suppress IFN-g signaling pathway. 18 Up-regulation of these two molecules may thus facilitate B. pseudomallei to survive macrophage killing in the presence of IFN-g.
Besides TLRs, recent studies by several groups of investigators have identified nucleotide binding and oligomerization domain (NOD)-like receptors (NLRs) as an additional innate immune receptor family. 19, 20 These intracellular receptors have also been implicated in the pathogenesis of many bacterial infections including Mycobacterium tuberculosis, Salmonella enterica sv. Typhimurium, and Shigella flexneri, all of which can activate NLRs. 20 The best characterized NLRs are NOD1 and NOD2, both of which have been shown to play a critical role in regulating host innate immune response against bacterial infections by sensing the cytosolic presence of the molecules containing meso-diaminopimelic acid (DAP) and muramyl dipeptide (MDP), respectively. [21] [22] [23] While NOD1 is widely expressed in many cell types, NOD2 expression is more restricted and so far has been described only in macrophages, dendritic cells, keratinocytes, lung and Paneth cells. 20 Stimulation of NOD1 or NOD2 results in the activation of NF-kB and MAPKs pathways which can turn on the transcription of numerous genes needed for host defense, particularly those involved in cytokine and chemokine production. 24 NOD2-deficient mice exhibited impaired clearance of Listeria monocytogenes, thus demonstrating the significance of NOD2 in this bacterial infection. 25 The aim of the present study was to investigate the possible involvement of NOD1 and NOD2 in B. pseudomallei infection in mouse macrophage cell line RAW 264.7.
Materials and methods

Cell line and culture condition
Mouse macrophage cell line RAW 264.7 was obtained from American Type Culture Collection (ATCC, Rockville, MD, USA). Unless otherwise indicated, the cells were cultured in Advanced Dulbecco's modified Eagle's medium (DMEM; Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone) and 1% L-glutamine (Gibco Labs, Grand Island, NY, USA) at 37 C under a 5% CO 2 atmosphere.
Bacterial strain
Burkholderia pseudomallei strain 844 used in this study was originally isolated from a patient admitted to Srinagarind Hospital in the melioidosis endemic Khon Kaen province of Thailand and cultured as described. 14, 26 For the experiments, bacteria were cultured in Trypticase soy broth at 37 C with shaking at 150 rpm. The overnight (18 h) cultures were washed twice in phosphate-buffered saline (PBS) and adjusted to a desired concentration by measuring the optical density at 650 nm and the colony-forming unit (CFU) was calculated from the pre-calibrated standard curve.
Heat-killed bacteria
Non-viable B. pseudomallei were prepared by heating a tube of bacteria suspended in PBS at 10 8 CFU/ml in a boiling water bath for 15 min. The heat-treated bacteria were washed 3 times with PBS and complete killing was confirmed by inoculating the suspension on tryptic soy agar and observe growth after 48 h. NOD1 and NOD2 depletion in macrophage cell line RAW 264.7 RAW 264.7 macrophages were transfected with siRNAs against NOD1 and NOD2 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol, which was modified as follows. Macrophages (1.5 Â 10 5 cells) were cultured overnight in 6-well plates before the siRNAs were transiently transfected using lipofectamine 2000 (Invitrogen). After 24 h of incubation, the expression of NOD1 and NOD2 were determined by both RT-PCR and immunoblotting. The siRNA sequences used were as follows: NOD1 sense 5 0 -UUG UCC ACC AGA CAC UGA GUG UUC C-3 0 and antisense 5 0 -GGA ACA CUC AGU GUC UGG UGG ACA A-3 0 NOD2 sense 5 0 -UAU GGU GUC GGC AUC UCU GUU CAG G-3 0 and antisense 5 0 -CCU GAA CAG AGA UGC CGA CAC CAU A-3 0 . As a control, we used AllStars Negative Control siRNA (Qiagen, Hilden, Germany).
Infection of mouse macrophage cell line RAW 264.7
An overnight culture of mouse macrophages in a 6-well plate was infected with bacteria at a multiplicity of infection (MOI) of 2 for 1 h. To remove extracellular bacteria, the cells were washed twice with 1 ml of PBS, and residual bacteria were killed by incubating in DMEM containing 250 mg/ml kanamycin (Gibco Labs) for 2 h. Thereafter, the infection was allowed to continue in the medium containing 20 mg/ml of kanamycin until the experiment was terminated. 17 
Quantification of intracellular bacteria
To determine intracellular survival and replication of the bacteria, a standard antibiotic protection assay was performed as previously described. 17 In brief, at times indicated, the infected cells were washed twice with PBS, and intracellular bacteria were liberated by lysing the macrophages with 0.1% Triton X-100 and the released bacteria were plated on tryptic soy agar. The number of intracellular bacteria, expressed as colony forming unit (CFU), was determined by bacterial colony counting.
Reverse transcriptase PCR
Total RNA was extracted from infected cells according to the manufacturer's instruction (Roche Diagnostics, Mannheim, Germany) before it was used for cDNA synthesis using AMV RT (Promega, Madison, WI, USA). PCR was performed using cDNAs as template, and the primer pairs specific for Nod1, Nod2, Socs3, Cis, Tnf-, Il-1, Il-6 and -actin (Table 1) were amplified by Taq DNA polymerase (Invitrogen). The amplified products were electrophoresed on 1.5% agarose gel and stained with ethidium bromide before being visualised under an ultraviolet lamp.
Immunoblotting
The cells were lysed in lysis buffer containing 20 mM Tris, 100 mM NaCl and 1% NP40. The lysates were separated in 8% SDS-PAGE gel by electrophoresis in SDS-PAGE buffer. The protein on SDS-PAGE gel was transferred onto a nitrocellulose membrane (Amersham Bioscience, Dassel, Germany). Non-specific binding site on the membrane was blocked in 5% blocking solution (Roche Diagnostics) in PBS for 1 h before allowing to react overnight at 4 C with specific primary antibody against NOD1 (Cell Signaling Technology, Beverly, MA, USA) or NOD2 (eBioscience, CA, USA). The membrane was washed 3 times with 0.1% PBST and incubated with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology) for 1 h at 25 C. Thereafter, the membrane was washed 4 times with 0.1% PBST before a chemiluminescence substrate (Roche Diagnostics) was added, and protein bands were detected by enhanced chemiluminescence.
Results
Burkholderia pseudomallei stimulates NOD1 and NOD2 expression in mouse macrophage cell line RAW 264.7
To detect NOD1 and NOD2 expression, mouse macrophages were infected with B. pseudomallei at a MOI Figure 1A) . In contrast, B. pseudomallei was able to activate the transcription of both receptors within 1 h of infection and the levels gradually increase with time of incubation. Trace quantities of NOD1 and NOD2 proteins could be detected as early as 4 h and 2 h after the infection, respectively ( Figure 1B) . In order to determine if the expression of NOD1 or NOD2 by the macrophages requires viability of the bacteria, the cells were exposed to heat-killed B. pseudomallei at concentration equivalent to MOI of 10. At 1, 2, 4 and 8 h of infection, the infected cells were harvested and mRNA and protein of NOD1 or NOD2 were assessed as described above. The results from Figure 2 indicated that exposure of macrophages to non-viable B. pseudomallei yielded NOD1 and NOD2 expression patterns that were similar to those obtained using viable bacteria (Figure 1) , thus suggesting that the expression of both receptors does not require active invasion of the macrophages by live B. pseudomallei. 
NOD2 is required for B. pseudomallei-induced SOCS3 expression
In order to determine the possible involvement of NOD1 and/or NOD2 on the intracellular fate of B. pseudomallei, the macrophages were first treated with NOD1 or NOD2 siRNAs before infecting with B. pseudomallei. The mRNA level and protein expression of NOD1 or NOD2 of uninfected and B. pseudomalleiinfected macrophages were assayed 24 h after transfection. Results presented in Figure 3 showed that when the cells were treated with siRNAs, both mRNA and protein of NOD1 and NOD2 were diminished.
We previously demonstrated that B. pseudomalleiinfected macrophages were able to activate the expression of SOCS3 and CIS. 18 It was suspected that the expression of these negative regulators might be initiated intracellularly rather than at the surface of the macrophages. 27 Extrapolating this further, we now hypothesize that stimulation of SOCS3 and CIS expression involves activation of NOD proteins. In order to demonstrate this relationship, the expression of SOCS3 and CIS in B. pseudomallei-infected NOD1 or NOD2 knockdown macrophages were analyzed by RT-PCR. As shown in Figure 3A , the level of SOCS3 mRNA was markedly reduced in B. pseudomallei-infected NOD2 knockdown macrophages. Actin Figure 2 . Kinetics of NOD1 or NOD2 expression in mouse macrophages treated with heat-killed B. pseudomallei. The macrophages were exposed to heat-killed B. pseudomallei at concentration equivalent to MOI of 10. Expression of mRNA (A) and protein (B) was determined as described in Figure 1 .
In contrast, NOD1 depletion did not interfere with SOCS3 expression. It should be noted, however, that the mRNA expression of CIS, TNF-a, IL-1b and IL-6 was not affected in both B. pseudomallei-infected NOD1 and NOD2 knockdown macrophages. The interfering of SOCS3 protein expression in NOD2 knockdown macrophages was also demonstrated by immunoblotting as shown in Figure 3B . These results clearly demonstrated that only NOD2 is involved in SOCS3 up-regulation.
Interferon-induces STAT-1 phosphorylation on tyrosine 701 (Y701-STAT-1) in B. pseudomallei-infected NOD2 knockdown macrophages
It should be noted that the results shown in Figure 3 in the present study are in accordance with our previous report which showed that B. pseudomallei could enhanced SOCS3 expression in mouse macrophage cell line. 27 It was further shown in that report that the expression of SOCS3 in B. pseudomallei-infected macrophages correlated with a reduction of Y701-STAT-1 phosphorylation following activation with IFN-g. 27 Therefore, in the present study, we predicted that the inhibition of SOCS3 in B. pseudomallei-infected NOD2 knockdown macrophages (Figure 3 ) may adversely affect their ability to respond to subsequent IFN-g activation. In this experiment, the NOD2-depleted macrophages were infected with B. pseudomallei for 4 h and then treated with IFN-g for 1 h before the level of pY701-STAT-1 was determined by immunoblotting. It was clearly shown in Figure 4 lanes 2 and 8 that while IFN-g was able to activate Y701-STAT-1 phosphorylation in the uninfected macrophages in the presence or absence of NOD2 siRNA, the level of pY701-STAT-1 was decreased in B. pseudomallei-infected wildtype macrophages (Figure 4, lane 4) , thus suggesting that the expression of SOCS3 by B. pseudomallei reduces the levels of pY701-STAT-1. However, the level of pY701-STAT-1 was increased in B. pseudomallei-infected NOD2 knockdown macrophages (Figure 4 , lane 10). The increase of pY701-STAT-1 level directly correlated with the decrease in SOCS3 expression as demonstrated in Figure 3 . It should be noted that, in contrast to NOD2, NOD1 depletion did not interfere with phosphorylation of Y701-STAT-1 in the infected macrophages (data not shown).
Discussion
Pattern recognition receptors (PRRs) are known to be the first to detect microbial invasion and to initiate subsequent adaptive immune response. These immune sensors include TLRs which initiate signals from the cell surface or endosome upon binding with appropriate ligands. In contrast, NLRs detect microbial components in the cytosol. B. pseudomallei expresses several potential ligands, including lipid A, peptidoglycan, flagellin and DNA that may activate these PRRs.
A number of reports have demonstrated that B. pseudomallei could activate NF-kB via TLR2, TLR4 and TLR5. 28, 29 Patients with septic melioidosis had increased expression of CD14, TLR1, TLR2 and TLR4 on the surface of monocytes. 29 Although this Gram-negative bacterium exhibits LPS on the surface, it remains controversial whether the LPS of B. pseudomallei can signal through TLR2 or TLR4. It was previously demonstrated that the LPS of this bacillus exhibits an unusual structure which may be associated with its relatively poor ability to activate macrophage compared with that of other Gram-negative bacteria. [30] [31] [32] In vivo study demonstrated that TLR2-deficient mice displayed enhanced immunity against B. pseudomallei infection, as judged by an increase of host survival together with a decrease in bacterial load. The response of TLR4-deficient mice, on the other hand, was indistinguishable from that of the wild-type animals. 29 Therefore, these results suggested that TLR2 and not TLR4 might be a major contributor to host defense against B. pseudomallei infection. This conclusion is consistent with our recent finding which demonstrated that B. pseudomallei activated only MyD88-dependent pathway and not MyD88-independent pathway which is more specifically associated with the TLR4 activation. 16 In contrast to the TLRs, the NLRs are activated by microbial components in the cytosol. Several NLRs have been identified but only a few ligands for NLRs have been identified. The most well characterized NLRs are NOD1 and NOD2. NOD1 senses peptidoglycan-derived DAP-containing muramyl peptides which are a structural component of cell wall of Gram-negative bacteria, whereas NOD2 senses MDP present in both Gram-positive and Gram-negative bacteria. [21] [22] [23] In the present study, we showed that the activation processes of NOD1 and NOD2 are associated with B. pseudomallei components as shown by the upregulation of both NOD1 and NOD2 expression in the infected macrophages (Figure 1 ). The expression of these cytosolic receptors could also be induced by heatkilled B. pseudomallei, suggesting the involvement of heat-stable components most likely present on the surface of B. pseudomallei (Figure 2 ). Upon interacting with their respective ligands, both NOD1 and NOD2 activate NF-kB, resulting in the induction of pro-inflammatory cytokines such as TNF-a. 24 However, the levels of TNFa, IL-1b or IL-6 ( Figure 3) were not noticeably altered in the B. pseudomallei-infected macrophages whose NOD1 or NOD2 were depleted. It should be noted that NOD1 or NOD2 knockdown did not interfere with internalization and intracellular replication of B. pseudomallei suggesting that NOD1 or NOD2 was not directly involved in bactericidal activity of macrophages (data not presented).
The SOCS protein family is known to function as negative effectors of cytokine signaling via the JAK/ STAT pathway and its activation by pathogens leads to suppression of macrophage activation. 33 For example, L. monocytogenes induced SOCS3 expression in macrophages, resulting in diminishing IFN-g stimulating phosphorylation of STAT-1 which facilitated their intracellular survival. 34 Previously, our group reported that B. pseudomallei was capable of suppressing IFN-g signaling by activating expression of SOCS3 and CIS. 18 Activating these negative effectors markedly reduced the level of Y701-STAT-1 phosphorylation, which is one of the transcription factors for iNOS expression, resulting in a loss of macrophage killing capacity. We subsequently demonstrated that the induction of SOCS3 and CIS expression required B. pseudomallei internalization, thus implying that a cytosolic receptor is needed. 27 In the present study, we attempted to identify cytosolic receptor(s) involved in SOCS3 and CIS expression and the results presented in Figures 3 and 4 showed the involvement of NOD2 and not NOD1 in SOCS3 expression. It is possible that other NLRs may be responsible for CIS expression. Although activating NOD1 expression was observed in B. pseudomalleiinfected macrophages (Figs 1 and 2) , the biological significance of this cytosolic receptor remains to be investigated. It has been established recently that NOD1 was involved in autophagic response to several invasive bacteria. 35 Although autophagic response to B. pseudomallei was demonstrated recently, 36 it is not certain if this involves NOD1 and this is a question that is currently being investigated by our group. Together, the results presented here identify another host molecule which B. pseudomallei may use to modulate the macrophage response in favor of their intracellular survival.
